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[1] Interplanetary coronal mass ejections associated with
strong interplanetary magnetic field (IMF) By have been
shown to enhance the neutral density in low Earth orbit. The
enhancement has been linked to strong downward Poynting
fluxes embedded within ionospheric channels of significant
sunward ExB drift (2000-3000 m/s). Here we present MHD
results describing the magnetospheric counterpart of the
ionospheric flow channel that Defense Meteorological
Satellite Program (DMSP) encountered on 15 May 2005. It
is shown that the clock angle of maximum sunward flow
(Brc) depends on the IMF clock angle Opc = oo * O — 1.3°
with o = (0.30, 0.38, 0.43, 0.45) at X = (4, 2, 0, —2) Rg.
This is poleward of the magnetic null point region. The
flow also depends on the solar wind Alfvén Mach
number VX = VX0 — dv * My. The critical M = VX0 / 8V
for Vx = 0 decreases from My = 3.42 (X=4 Rg) to M, =
240 (X = =2 Rg). The low M4 and Opr conditions that
characterized the X = 2 Rg flow and resulted in strong
Poynting flux occurred for 16% of all 167 h in 1998-2008
with Dst < —180 nT. Citation: Eriksson, S., and L. Rasttter
(2013), Alfvén Mach number and IMF clock angle dependencies of
sunward flow channels in the magnetosphere, Geophys. Res. Lett.,
40, 1257-1262, doi:10.1002/grl.50307.

1. Introduction

[2] Field-aligned currents (FACs) are important for the
coupling of energy and particle precipitation from the solar
wind and magnetosphere to the ionosphere. Anderson et al.
[2008] employed Iridium magnetometer data to generate
stable Northern Hemisphere (NH) FAC maps for all direc-
tions of the interplanetary magnetic field (IMF). The FAC
maps demonstrate that the most high-latitude pair of oppo-
site FACs rotates in a statistical sense with the IMF By/Bz
clock angle for northward and neutral IMF Bz. Anderson
et al. [2008] inferred a corresponding ExB flow between
the oppositely directed FACs. The proposed flow is
azimuthally directed toward the northern dusk (dawn) for
negative (positive) IMF By with opposite flow directions
expected in the Southern Hemisphere (SH) for the same
IMF By. This is known as the Svalgaard-Mansurov effect
[Svalgaard, 1968; Mansurov, 1969] which is believed to
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be caused by IMF By-dependent flank magnetopause
reconnection [e.g., Friis-Christensen et al., 1972; Burch
et al., 1985; Eriksson et al., 2005; Li et al., 2011].

[3] Eriksson et al. [2008] reported the first direct link
between a dusk-to-dawn migration of a sunward ExB
flow channel across the NH polar cap and an IMF clock
angle rotation from IMF By > 0 to By < 0 for an
interplanetary coronal mass ejection (ICME) [Gosling,
1990] on 15 May 2005. A distinct pair of oppositely directed
FACs was present at the migrating flow channel as observed
by Defense Meteorological Satellite Program (DMSP) F13
and F15 which is consistent with the electrodynamic
scenario envisioned by Southwood [1987] and the inferred
ExB flow proposed by Anderson et al. [2008]. The observed
link between the flow channel in the ionosphere and the
IMF clock angle is in qualitative agreement with a high-
latitude reconfiguration of a reconnection region [Luhmann
et al., 1984].

[4] The 15 May 2005 event is one of several anomalous
geomagnetic storms in 2004-2005 [Knipp et al., 2011]
that resulted in poor neutral density specifications by the
Mass Spectrometer and Incoherent Scatter (MSIS) model.
Crowley et al. [2010] used the Assimilative Mapping of
Tonospheric Electrodynamics (AMIE) procedure for one
of these anomalous events and verified that the high 60
mW/m? values of localized Joule heating were present at
the foot points of the near-cusp and polar cap field lines
and associated them with heretofore unmodeled neutral
density enhancements in this region [Liihr et al., 2004].
Knipp et al. [2011] demonstrated that the same ExB flow
channels examined by Eriksson et al. [2008] were related
to unprecedented and large earthward-directed Poynting
fluxes at 850 km altitude. Li et al. [2011] simulated three
of the anomalous events using the OpenGGCM MHD
model and confirmed a direct connection between the ob-
served localized Poynting flux enhancements and simulated
intense Joule heating rates on the dayside between a pair of op-
positely directed FACs. All dayside Joule heating regions
mapped to a flank magnetopause reconnection region for the
predominant IMF By conditions.

[s] Here we present the existence of a localized
channel of sunward ExB flow on the earthward side of
the NH magnetopause on the basis of a global
BATSRUS MHD simulation [Powell et al., 1999; Ridley
et al., 2002] performed at the NASA Community Coordi-
nated Modeling Center (GEM PFlux 081910 1 and
GEM_PFlux 081910 la) for the 15 May 2005 ICME.
We show that the location of the simulated sunward flow
channel has a linear dependence on the IMF clock angle
(Opvr) and that the maximum flow within this channel
has an inverse dependence on the upstream solar wind
Alfvén Mach number.
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2. MHD Simulation Results of a Magnetospheric  rope. A well-defined channel of sunward flow is present just
Sunward Flow Channel earthward of the NH magnetopause. This channel rotates

. . . from high latitudes at dusk to low latitudes at dawn as Oy
[6] Figure 1 shows the MHD simulation results of the VX | i o g0 10 1140 A corresponding SH flow chan-
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Figure 1. GSM X = 2.0 Rg plane cuts for (top to bottom) 1204, 1702, 1844, and 2349 UT on 15 May 2005. The
left column shows the Vx flow component (red: sunward Vx > 0) with one IMF field line (blue) through (X, Y, Z) =
(15, 0, 0) Rg and one open field line (black) passing through the X = 2.0 Rg plane of maximum Vx > 0 within the sunward
flow channel. The right column shows contour plots of Vx and the magnetic field topology in blue (solar wind), red (closed
magnetospheric field) and yellow (open fields connected to the Northern Hemisphere) colors.
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Figure 2. ACE satellite observations 08—24 UT on 15 May 2005 compared with MHD simulated sunward flow channel
information. The ACE data were shifted forward in time by 32 min. The panels correspond to (a) IMF magnitude; (b)
GSM magnetic field components; (¢) IMF clock angle Oz = atan(By / Bz); (d) solar wind speed; (e¢) Alfvén Mach
number in the solar wind; (f) maximum sunward speed within the MHD simulated flow channel at X =2 Rg; and (g) clock
angle of the center location of the sunward flow channel Ogc = atan(Y / Z).

channel at X = 2 Rg. The superposed flow contours show that
the channel exists on open fields connected to the north (yel-
low) and adjacent to a closed field line region (red). Locations
of maximum sunward flow within this channel are found at the
plus symbol. The open geomagnetic field lines shown in
Figure 1 (left) are connected to these flow maxima. They are
dragged from dawn to dusk by a Vy > 0 flow within the
simulated magnetospheric flow channel for IMF By < 0 which
is consistent with the Svalgaard-Mansurov effect.

[s] We followed the temporal evolution of the simulated
sunward flow channel on 15 May at a 5 min cadence with
special emphasis on the maximum Vx flow speed and its
Y and Z GSM position in the X = 2 Rg plane. The (Y, Z)
coordinates were used to derive a corresponding clock
angle defined as Opc = atan(Y / Z) such that a flow channel
at’Y =0and Z > 0 Rg corresponds to Opc = 0° and a dawnside
(duskside) flow channel at Y < 0 (Y > 0) corresponds to
Orc < 0° (Bpc > 0°). Figure 2 presents the resulting time
series of maximum Vx (Figure 2f) and Ogc (Figure 2g)
during 08-24 UT and the observed IMF, solar wind speed,
and solar wind Alfvén Mach number My, = V / V4 from
the ACE satellite where V5 = B / (nompN) is the Alfvén
speed based on the total magnetic field magnitude and the
proton number density. It is clear that Ogc at X = 2 Rg is
directly correlated with Op\r. There is also an apparent
anti-correlation between the simulated maximum Vx speed
and the observed solar wind M. Figure 3 illustrates these

correlations in two scatter plots. A very high R = 0.99 corre-
lation coefficient is obtained between Opc and Opyp at X=2
Rg with a linear relation Ogc = 0.38 * Opr — 1.5. A high
R = —0.91 correlation coefficient is also found between the
maximum sunward speed within the flow channel just earth-
ward of the magnetopause and the solar wind M observed by
ACE with the functional form Vx =421 — 129 * My (km/s).
The M, dependence means that the higher the Alfvén Mach
number becomes in the solar wind, the slower the maximum
sunward flow is within this channel at X = 2 Rg. In fact, no
sunward flow is expected at X = 2 Ry for M4 > 3.26. This
may be understood in terms of the stresses imposed on the
newly reconnected field lines. The JxB force of the highly
kinked open fields which forces them sunward on the sunward
side of the reconnection line will not be able to accelerate these
fields against the anti-sunward magnetosheath flow unless the
adjacent magnetosheath is sub-Alfvénic.

[9] The magnitude and location of the sunward flow
through the X =2 Rg plane are compared with the maximum
sunward flow and its clock angle position in the neighboring
YZ planes X = —2, 0, 4 Rg. The results are shown in
Figure 4. We find several important results from this
exercise. First, there is no temporal delay of the maximum
Vx flow between the different YZ planes. The flow increases
or decreases simultaneously at all X locations as the external
M, decreases or increases. Second, the peak flow is
actually negative (Vx < 0) at X = —2 Rg, while it is positive
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Figure 3. (a) Simulated sunward flow channel position at
X =2 Rg versus ACE IMF clock angle at 08—24 UT on 15
May 2005. (b) Simulated maximum sunward flow speed
versus solar wind M, at ACE. R is the linear correlation
coefficient and y(x) is the optimum linear function shown
in red lines.

(Vx > 0) at X = 2 Rg for a certain range of solar wind M.
This suggests that the local magnetosheath M, is super-
Alfvénic adjacent to the flank magnetopause reconnection
region at X = —2 R while it is sub-Alfvénic at X=2 Rg
such that the JxB force is unable to move the reconnected
fields sunward beyond a critical downtail X location. The
My = 1 location should slide tailward (sunward) along the
magnetopause as the solar wind M, decreases (increases).
Finally, we note that the clock angle of the maximum
sunward flow increases with downtail distance from X = 4
to X = —2 Rg. This is represented as Opc = o * Opp + v with
different o = (0.30, 0.38, 0.43, 0.45) and y = (-2.1°, -1.5°,
—0.8°, —0.8°) at X = (4, 2, 0, —2) RE.

[10] The M4 dependence of the maximum flow speed also
varies with downtail distance as Vx = Vx0 — 8V * M, km/s
where Vx0 = (301, 421, 397, 309) km/s and oV = (88,
129, 147, 129) km/s at X = (4, 2, 0, —2) Rg. The critical
M, =Vx0 / 8V where the flow turns from sunward to anti-
sunward within the flow channel is found to decrease with
distance as M, = (3.42, 3.26, 2.69, 2.40) at X = (4, 2, 0,
—2) Rg which confirms the impact of the accelerating solar

wind flow around the magnetopause and the expectation that
the magnetosheath M, = 1 boundary should slide tailward
over the magnetopause as the external solar wind My
decreases.

3. Discussion

[11] The high correlation coefficient between the location
of the sunward flow channel and the IMF clock angle as well
as the high correlation between the magnitude of this sun-
ward flow and the solar wind M suggest that a reconnection
process is involved in the generation of the magnetospheric
sunward flows [e.g., Luhmann et al., 1984; Li et al., 2011].
Siscoe et al. [2001] presented an empirical relationship
between the IMF clock angle and the clock angle of a
magnetopause region of simulated minimum magnetic field
strength at X = 0 Rg with x-type magnetic topology that
White et al. [1998] referred to as the magnetospheric sash.
It was found that the two angles closely followed the for-
mula tan(@mp) = — (3 + \/ (9 + 8tan2(91MF))) / Ztan(elMF)
based on a dipole-plus-uniform vacuum superposition model
of null point locations in the X = 0 plane proposed by Yeh
[1976] and Crooker et al. [1990]. Figure 5 compares this
vacuum superposition model of null point locations with
the clock angle of the center of the simulated magneto-
spheric sunward flow channel in the X = 0 plane for the 15
May 2005 event. The comparison suggests that the flow
channel is consistently located poleward of the null point
region. Siscoe et al. [2001] reported that the magnetic null
point location was found at increasingly larger clock angles
with downtail distance which is consistent with our finding
of the clock angle position of the sunward flow channel.

[12] The global MHD simulation for the ICME on 15 May
2005 resulted in a magnetospheric sunward flow channel at
X = 2 Rg for the observed external conditions M, < 3.26
and |Opvp| < 125° with a direct relation between M and
the flow speed magnitude. The question is how common
these conditions are in the solar wind and during strong
geomagnetic storms. We know from hourly distributions of
My and Oy during 10 years of ACE solar wind observa-
tions (4 February 1998 to 4 February 2008) that the solar
wind generally falls into the range 7 < M, < 8 with the
IMF in the ecliptic. The observed M, < 3.26 for the strong
geomagnetic storm event on 15 May 2005 (Dst = —247 nT)
only occurred for 1923 h of the entire 87,673 h of ACE data
or 2.2% of the time during this 10 year period. We note that
the condition |Opyp| < 125° was satisfied 79% of the time
when M, < 3.26. The final hourly Dst index indicated
strong geomagnetic storms (Dst < —70 nT) just 2.8% of
the time during the same period with low M < 3.26 occur-
ring for 18% of all 2455 h when Dst < —70 nT. Periods of
small My, = (V/B) * \ (Lom,N) naturally occur for strong
IMF magnetic field strengths and moderate to low solar
wind density as shown in Figure 6a. Low M, conditions
were even more common during super-storms (Figure 6b)
in 1998—-2008 with 29% of all 167 h of Dst<—180 nT
occurring for My < 3.26 and 16% having both M, < 3.26
and [Opyp| < 125°. Although super-storms are primarily
driven by ICMEs with an initial predominant southward
IMF Bz (|0pve| > 135°), it is clear that Ds¢ can remain very
strong even for |Opyp| < 125° when we expect sunward flow
channels to be present. The impact of low M, and sunward
flow channels on the overall storm-time ionosphere energy
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Figure 4. Time shifted (a) IMF clock angle; (b) M4 from ACE for 08-24 UT on 15 May. (¢) Maximum Vx speed within
MHD simulated flow channels at X = (-2, 0, 2, 4) Rg. (d) Clock angles 0rc = atan(Y / Z) of the center location of the sun-

ward flow channels in these YZ planes.
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Figure 6. (a) ACE 1 h resolution magnetic field strength
versus solar wind density for a 10 year period. (b) Final hourly
resolution Dst index versus solar wind M. The M, < 3.26
range is marked in red color in both panels, while the subset
|Omr| < 125° and M, < 3.26 is marked in green color.
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budget through enhanced downward Poynting flux input is
unknown. Further investigations are required with specific
attention on a possible relationship between the solar wind
My and the magnitude of the downward Poynting flux and
the importance of the ionospheric conductance (season,
day-night, and enhanced particle precipitation) on the pro-
posed relationship.

4. Summary

[13] The MHD simulation of the 15 May 2005 ICME has
shown that a well-defined channel of sunward ExB flow
existed poleward of the predicted location of magnetic
reconnection from the vacuum superposition of the IMF and
the geomagnetic field [Siscoe et al., 2001]. Its polar angle loca-
tion Ogc in the YZ plane is directly determined by the IMF
clock angle on the form Opc = o * Opr + v with o = (0.30,
0.38, 0.43, 0.45) and y = (—2.1°, —1.5°, —0.8°, —0.8°) for
X =(4, 2,0, —2) Rg where 6gc and O;r are given in degrees.
The maximum sunward flow through the YZ plane at X =
(4, 2, 0, —2) Rg within this channel depends on the upstream
solar wind Alfvén Mach number as Vx = Vx0 — 3V * M,
(km/s). The critical M5 = Vx0/ 6V where the flow is expected
to turn from Vx > 0 to Vx < 0 decreases with distance
downtail as M, =(3.42, 3.26, 2.69, 2.40). This is a direct result
of the sunward JxB force acting on newly reconnected fields
[e.g., Eriksson et al., 2005; Li et al., 2011] whether occurring
at the flank magnetopause or in the high-latitude region on
open lobe fields. The solar wind conditions M, < 3.26 and
|OpmE| < 125° that characterized the X = 2 Rg flow channel
for the 15 May 2005 ICME and resulted in high levels
(>100 mW/m?) of downward Poynting flux occurred for
16% of all 167 h in 1998—2008 with Dst < —180 nT. It re-
mains to be seen whether the magnitude of the corresponding
ionospheric ExB drift within sunward flow channels and the
embedded Poynting flux directly correlates with M, in the
solar wind. It is likely that sunward flow channels and
enhanced Poynting fluxes exist in the ionosphere during these
low My solar wind conditions which is potentially very impor-
tant for neutral density enhancements in low Earth orbit and
the resulting increased satellite drag [Liihr et al., 2004;
Crowley et al., 2010].

[14] Acknowledgments. S.E. acknowledges support by NSF grant
AGS-1144154.
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